Introduction
Atmospheric transport is a major source of many organic pollutants and heavy metals in the Arctic regions (Evans et al., 2005; Pacyna et al., 2010; Chételat et al. 2015) . Although atmospheric transport and direct deposition of contaminants in terrestrial and aquatic environment is important, there is increasing evidence that recent climate change has enhanced the flux of sequestered substances from catchments to freshwater ecosystems (Stern et al., 2012) . Contaminant flux in these regions can also be influenced by the pronounced seasonality of the environment, with toxic substances accumulating in heavy snow cover during the winter, and subsequently entering aquatic ecosystems via meltwater inputs during the following spring. Atmospheric mercury predominantly consists of elemental and inorganic forms, but, following deposition, readily methylates into bioavailable compounds (e.g. methylmercury), which characteristically bioaccumulate in organisms and biomagnify in food webs (Downs et al., 1998; Lavoie et al., 2013) . Due to the often simple food web structure of Arctic ecosystems, methylmercury may reach high concentrations in top predators across terrestrial, marine, and freshwater habitats (Stern et al., 2012) .
In high latitude lakes, atmospheric deposition of mercury (both directly to the lake surface and via leaching from the catchment) is followed by uptake of mercury by pelagic phytoplankton and bacteria, from which it is subsequently transferred to zooplankton, and then to planktivorous fish (Power et al., 2002; Thomas et al., 2016) . Previous studies have highlighted the importance of herbivorous cladoceran Daphnia sp. in the transport of methylmercury to fish in high-latitude lakes (Chételat and Amyot, 2009; Kahilainen et al., 2016a) . Despite the low mercury content of individual Daphnia, planktivorous fish may consume thousands of individuals per day, potentially explaining their prominent role in mercury transfer pathways (Karimi et al., 2016) . In contrast, benthic macroinvertebrates have a broad range of foraging guilds, resulting in differential uptake, complicating mercury transfer processes to fish. As macroinvertebrates inhabit the entire benthic slope, from shallow littoral to deep profundal habitats, they may ultimately derive their energy from either benthic algae and/or terrestrial subsidies near the shore, or from decomposing pelagic seston such as plankton in deeper areas. Due to this difference in basal energy sources, total mercury (THg) concentrations in benthic macroinvertebrates often vary markedly along this axis, being characteristically enriched in profundal taxa relying on decomposing material and thus having a higher trophic position as inferred from stable isotope ratios of nitrogen (Kahilainen et al., 2016a ; Thomas et al., 2016) .
In fishes, mercury is initially translocated from the stomach via blood to liver (typically bound within proteins) and thereafter to muscle tissue (Oliveira-Ribeiro et al., 1999; Wang and Wang, 2015) . In fish muscle, THg consists mostly of methylmercury (MeHg, typically >90%, in salmonid fish) (e.g. Downs et al., 1998; Riget et al., 2000; Madenjian et al., 2016) . Due to the very slow turnover rate of muscle tissues in poikilothermic fishes inhabiting low temperature Subarctic and Arctic regions (Hesslein et al., 1993; Hayden et al., 2014; Thomas and Crowther, 2015) , positive correlations between muscle THg with fish age and size are common (e.g. Kahilainen et al., 2016a; Thomas et al., 2016) . As a consequence of slow growth and high longevity, sexual maturity of fish in high latitude lakes is often delayed relative to their counterparts in warmer regions, resulting in slower, more gradual bioaccumulation (Evans et al., 2005; Blanck and Lamouroux, 2007) . Many fish in Subarctic and Arctic lakes are generalist predators, and undergo dietary shifts to maximize use of limited resources, which may obscure ultimate sources of mercury and subsequent transfer pathways in these systems (Evans et al., 2005; Kahilainen et al., 2016a; Thomas et al., 2016) . Thus additional biomarkers, such as stable isotope ratios of carbon ( 13 C/ 12 C) and nitrogen ( 15 N/ 14 N), can play an important role in identifying both pelagic-benthic habitat use and the trophic position of consumers, helping elucidate the predominant sources of mercury exposure (e.g. Power et al., 2002; Thomas et al., 2016) . Here, δ 13 C is aneffective marker differentiating the typically depleted pelagic phytoplankton-derived food web compartment from the more enriched littoral benthic algae-reliant compartment, whereas δ 15 N provides a measure of individual trophic position and is often positively related to mercury concentration, at both the species and food web levels of biological organization (Downs et al., 1998; Lavoie et al., 2013; Thomas et al., 2016) .
The structural simplicity of food webs characteristic of Subarctic and Arctic lakes makes them useful study systems in which to explore mercury transfer dynamics. The limited fish diversity in these lakes has led to increased ecological opportunity for colonising species, in turn facilitating specialization on either pelagic or benthic resources. Such patterns of divergence are especially common among salmonid fishes, including Arctic charr (Salvelinus alpinus), lake trout (S. namaycush), European whitefish (Coregonus lavaretus), and North American lake whitefish (C. clupeaformis), all of which are prone to diverge into multiple distinct morphs (Jonsson and Jonsson, 2001; Østbye et al., 2006; Bernatchez et al., 2010; Muir et al., 2016) . The general pattern of such resource polymorphism is divergence into pelagic and littoral benthic habitats, with associated feeding specialization on zooplankton and benthic macroinvertebrates, respectively. However, the evolution of deep-water benthic (hereafter profundal) morphs is more rare (Kahilainen and Østbye, 2006; Knudsen et al., 2006; Chavarie et al. 2016) . Despite longstanding knowledge of the presence of both mono-and polymorphic populations across Subarctic and Arctic lakes, far less is known about the ecological variables related to mercury concentrations of different morphs and lake types (but see, Amundsen et al., 2011 , Willacker et al., 2013 . Putative differences among morphs and lake types may have important repercussions for interpretation of results in long-term mercury monitoring programs and associated human health recommendations, since salmonid species in both lake types often constitute a major focus due to their importance in the diets of indigenous populations across the region (AMAP 2011; van der Velden et al., 2015) .
Whitefish is a highly abundant and diverse species, and occurs as polymorphic populations in many highlatitude lakes in northern Fennoscandia (Svärdson, 1979; Østbye et al., 2006; Siwertsson et al., 2010) .
Lakes with monomorphic populations are most common, followed by systems with divergence into littoral and pelagic habitats, whereas a profundal morph may also arise and co-exist in more complex cases (Kahilainen and Østbye, 2006; Harrod et al., 2010; Siwertsson et al., 2010) . At regional scales, polymorphic populations occur in larger, deeper and more productive lakes than monomorphic populations (Siwertsson et al. 2010) . In monomorphic lakes, whitefish is a generalist, using all habitat types and foraging on both benthic and pelagic prey (Kahilainen et al., 2007; Harrod et al., 2010) . In polymorphic lakes, pelagic morphs feed on zooplankton, whereas littoral and profundal morphs consume benthic macroinvertebrates at different depths Kahilainen et al., 2014) . Gill raker count is an important morphological trait used for whitefish morph identification as this trait is heritable and correlates with resource use (Svärdson 1979; Kahilainen 2011a,b) . In sympatry, morphs show morphological specialization to distinct habitats, where pelagic morphs have a higher number of gill rakers than benthic morphs (Kahilainen and Østbye, 2006; Harrod et al., 2010) . The profundal morph, with very few gill rakers, has specialized to the coldest and darkest lake habitat, and has a correspondingly low metabolic rate and low-light phenotypic adaptations (Kahilainen et al., , 2016b . Resource polymorphism in whitefish may originate from joint effects of ecological speciation and phenotypic plasticity, with variable evidence of genetic differentiation according to neutral microsatellite data highlighting the incipient steps of differentiation Couton, 2012; Praebel et al., 2013) . In general, whitefish is a phenotypically plastic species with variable morphology and resource use, especially in monomorphic lakes, where the single generalist morph can be ecomorphologically intermediate between the pelagic and littoral morphs of polymorphic lakes (Kahilainen et al., 2007; Harrod et al., 2010) . This ecomorphological diversity of whitefish in both polymorphic and monomorphic lakes provides a very interesting setting to test similarities and differences among morphs and lake types. Although studies of subarctic lakes have to date been limited, zooplankton feeding has been linked to higher rates of mercury accumulation compared to littoral foraging on benthic macroinvertebrates in North American lake whitefish, European whitefish and threespined stickleback (Gasterosteus aculeatus) (Doyon et al., 1998; Amundsen et al., 2011; Willacker et al., 2013) . However, previous studies have not explored mercury accumulation in relation to prey concentrations across the three major lake habitats, and have not attempted to assess contrasts between multiple polymorphic and monomorphic systems.
Subarctic lakes in northern Fennoscandia provide excellent study systems in which to assess THg accumulation in whitefish morphs, due to the occurrence of both polymorphic and monomorphic populations in the same region (Siwertsson et al., 2010) . Polymorphic systems are relatively comparable due to the occurrence of morphs diverged across the three principal lake habitats (littoral, profundal, pelagic), whereas monomorphic populations have intermediate morphology and may use all habitat types (Kahilainen et al., 2007; Harrod et al., 2010; Siwertsson et al., 2010) . This setting therefore provides an ideal opportunity to assess patterns of ecological divergence, and explore which ecological variables are related to THg concentration in whitefish. In the present study, we tested three main hypotheses: 1) Total mercury concentrations in invertebrates groups differ: zooplankton and profundal benthic macroinvertebrates have higher THg concentrations than littoral benthic macroinvertebrates (Kahilainen et al., 2016a; Thomas et al., 2016) . We predicted that THg of whitefish morphs would reflect their main invertebrate prey, whereby pelagic and profundal morphs are more enriched than littoral morphs in polymorphic lakes. Monomorphic populations, using both pelagic and benthic prey, have intermediate mercury concentrations compared to polymorphic populations.
2) We expected to find differences in ecomorphological variables of whitefish morphs in each polymorphic lake, whereas monomorphic populations should display more generalist in resource use (Kahilainen et al., 2007; Harrod et al., 2010; Kahilainen et al., 2014) . Pelagic and profundal morphs should bioaccumulate THg with age at a faster rate than the littoral morph or generalist monomorphic populations. As THg concentrations are likely to differ among whitefish morphs (Doyon et al., 1998; Amundsen et al., 2011; Blank et al., 2013) , we expect that the most important factors explaining THg will include gill raker count, age, size, and resource use.
3) At the population level, we predicted THg would correlate with resource use, condition, morphology, and life-history traits (age, size, growth, maturity) in all polymorphic systems, but in systems containing a single generalist morph such correlations would be less pronounced.
Materials and methods

Study site and field sampling
We sampled each of six oligotrophic lakes once within a circa one week period during August-September 2009-2014 (Table 1) . These natural lakes, all of which are located in subarctic Fennoscandia, have an ice-free season lasting from May-June to November-December, are well-oxygenated (saturation 66-88%), have circumneutral waters (pH 6.9-7.2) and low humic content (DOC 1.9-4.8) throughout the whole water column ( Fig. 1, Table 1 ). Severe oxygen deficiencies in profundal habitats have not been observed in the study lakes. Catchments generally consist of birch/pine forest and peatland. Lakes Inari, Muddus and Paadar are all relatively large and support polymorphic whitefish populations, consisting of four distinct morphs (Table 1) . Conversely, Lakes Kilpis, Kuohkima and Siilas, inhabited by monomorphic whitefish, are more varied in area and depth ( Fig. 1, Table 1 ). In general, all lakes (with the possible exception of the smaller Lake Kuohkima) are large and deep enough to contain different habitat types and in theory all whitefish morphs (Siwertsson et al. 2010) . In general, analyses by Siwertsson et al. (2010) indicate that monomorphic lakes tend to be smaller, shallower and have a higher water visibility than polymorphic lakes. In this respect, we suggest that our lakes should well represent the variation present in the larger set of monomorphic lakes in across study region. We do not have current or historical atmospheric mercury deposition data from study sites with which to test the potential influence on results of whitefish morph mercury content. However, we attempted to overcome this problem of potentially different mercury concentration at base of the food web by sampling of primary producers (benthic algae) and whitefish prey items (pelagic and benthic invertebrates) from all lakes.
Whitefish dominates the fish fauna of all lakes, although they contain variable amounts of other species (Table 1) .
Fish were sampled using a gill net series consisting of eight 1.8 m high and 30 m long nets (mesh size 12, 15, 20, 25, 30, 35, 45 and 60 mm knot to knot) supplemented with one Nordic multi-mesh net (mesh size range 5.25-55 mm). Gill nets were set overnight (~10-12 hours) in the three main lake habitat types, i.e. littoral, pelagic and profundal. Each habitat type was sampled a minimum of three times and the location of gill nets were randomly assigned for each habitat type. Following capture, all fish were immediately euthanized via cerebral concussion and chilled on ice. Fish were removed from nets and separated by species and morph based on visual evaluation. Here, whitefish morphs were individually field-identified according to body, head and gill raker shape without habitat information. This has been previously tested and found to be a highly efficient way of identification leading to circa 99% accuracy (Kahilainen and Østbye, 2006; Kahilainen et al., 2014; Thomas et al., 2016) . Both monomorphic and polymorphic lakes have large sparsely rakered whitefish (LSR), a large-bodied morph (up to 70 cm) with silvery colour, a downturned mouth and an intermediate number of relatively short gill rakers (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) .
LSR whitefish use mainly littoral habitats in polymorphic lakes, but in monomorphic lakes behave as generalists, using all three habitat types (Kahilainen et al., 2007; Harrod et al., 2010) . Small sparsely rakered whitefish (SSR) is a small-bodied morph (usually <25 cm total length), with very large eyes, a strongly downturned mouth and a very low number of short, widely spaced gill rakers (range 12-21), which inhabits profundal. Large densely rakered whitefish (LDR) is also a large-bodied (up to 60 cm), silvery-colored morph, but has more a pointed snout and a larger number of longer, more densely spaced gill rakers (range 29-36) than the LSR morph. Finally, densely rakered whitefish (DR) is a small-bodied (<20 cm), dark-colored morph with a highly pointed snout, equal length jaws and a high number of fine (range 30-43), long and very densely spaced gill rakers. Gill raker number alone is highly informative phenotypic trait, as it defines overall morphology and it is correlated with both diet and habitat use (Kahilainen and Østbye, 2006; Harrod et al., 2010) . A high number of long and densely spaced gill rakers is related to pelagic habitat use and a predominantly zooplankton-based diet, whereas a low number of short and widely spaced rakers are related to benthic habitat and foraging of large sized bottom-dwelling invertebrates (Kahilainen et al., 2011a) .
To assess THg concentration level at the base of food web i.e. primary producers, we collected biofilm samples from the surface of littoral stones (sampling depth 0-0.5 m) using a brush. Generally, these lakes are too oligotrophic allow for collection of phytoplankton samples for THg analyses, but we did obtain a phytoplankton sample from a single lake (Muddus) using a wind drifting aggregate with a 50 µm mesh hand net. Pelagic zooplankton and benthic invertebrates, which are the main prey for whitefish, were sampled from pelagic, littoral and profundal habitats to assess the mercury concentration. Zooplankton were sampled using a 250 µm mesh net, via a series of semi-horizontal tows from depths of 0-5 m over the deep pelagic habitat representing structurally simple habitat. In contrast, benthic macroinvertebrates from the structurally complex littoral zone requires multiple methods to cover different whitefish prey taxa. Here, we collected macroinvertebrates by hand from hard stony substrates at depths of 0-0.5 m, whereas a kick-net (mesh-size 500 µm) was used in gravel, sand, soft sediment and macrophyte beds at depths of 0-1 m. In addition, soft sediment samples were collected with an Ekman grab (surface area 272 cm 2 ) in the littoral zone from 1 m depth. In the structurally more simple profundal zone, we collected macroinvertebrates with Ekman grab only from depths between 15 to 30 m, depending on maximum depth of lake. All benthic macroinvertebrate samples were sieved through a 500 µm mesh on site. Algae samples were rinsed and sieved through 500, 250 and 50 µm mesh to avoid any unwanted sediment or invertebrate material in the sample. Upon return to the field laboratory, phytoplankton, benthic algae and bulk pelagic zooplankton samples (composed of cladocerans Bosmina sp. and Daphnia sp. as well as copepods Calanoida and Cyclopoida) were stored in 2 ml plastic vials and frozen (-20 °C). Benthic macroinvertebrates were sorted to the lowest feasible taxonomic level and stored in the same way for taxon specific THg and isotope analyses. Littoral samples with sufficient individuals to facilitate THg and stable isotope analyses included Lymnaea sp., Dytiscidae, Corixidae, Trichoptera, Plecoptera, Ephemeroptera, Tipulidae, Oligochaeta and Chironomidae. Profundal samples included Chironomidae, Oligochaeta and Hydracarina. Both pelagic and benthic invertebrate taxa sampled are typical in subarctic lakes and whitefish diet (Kahilainen et al., , 2005 (Kahilainen et al., , 2007 . Shortly after initial freezing, these samples were freeze-dried at -70 °C for 48 h.
Life-history traits and diet analyses
Total length (accuracy 0.1 cm) and wet mass (0.1 g) of each fish was measured. We selected and individually coded circa 30 specimens of each whitefish morph, according to the length distribution of catch, for the subsequent analyses. Fulton's condition factor for each individual was calculated (Nash et al., 2006) :
where CF is a condition factor, W is fish wet mass in grams, TL is fish total length in centimeters.
Generally in fishes, a value of ca. 1 is considered as a normal condition, whereas fusiform fish such as whitefish in subarctic region will often receive values ranging from 0.6 to 0.9 (Hayden et al., 2015) .
Both sagittal otoliths and circa 50 scales from between the pelvic and anal fins were taken to improve the accuracy of age determination . One burned and cracked otolith and one clear were inspected under a preparation microscope, whereas scales were pressed on polycarbonate slides and viewed with a microfiche reader. The joint method using two otoliths and scales increases the accuracy of aging and all analysis was conducted by a single experienced reader. Age determination was based on synthesised evaluations from all three bony structures, as has been recommended based on intercalibration tests with European whitefish (Raitaniemi et al., 1998) . A non-linear growth model was used to calculate growth rate and maximum size metrics for whitefish morph populations in each lake (von
where Lt is the estimated total length (cm) at time t, L∞ is the asymptote total length (i.e. theoretical maximum size of fish), K is the growth rate at which the fish is approaching asymptote total length, and to is the hypothetical starting length at time 0 according to the model. It should be noted that a high K value means a fast growth to asymptote total length, and is not directly related to large body size of fish.
We did not attempt to fit models for hypotheticalzero values for length and age.
The first left gill arch was dissected, cleaned and the number of gill rakers (including small rudimentary rakers at both ends) counted under a preparation microscope. Previous work with these European whitefish morphs has identified gill raker count as highly stable trait throughout the species' ontogeny (Kahilainen, 2004) . It should be noted that our whitefish data consisted of fish larger than ~8cm TL, where counting of gill rakers is a highly accurate (Kahilainen, 2004) , and we thus consider our morph
classifications reliable for all size categories in the current work. The body cavity was subsequently opened to visually determine sex and sexual maturity for later determination of minimum length and age of sexual maturity for each population. The stomach, from the oesophagus to the pyloric caeca, was dissected out and a point method was used for visual diet determination (Hynes, 1950) . Here, stomach fullness was determined using a scale from 0 to 10, where 0 is an empty and 10 is fully extended. Prey items were identified to the lowest feasible taxonomic level and the relative proportion of each prey category to stomach fullness was visually estimated. Mean stomach fullness and number of empty stomachs were then calculated for each morph. Despite the simplicity of this point method in dietary analyses, we consider these results highly relevant in assessment of consumed prey categories in comparison to sampled invertebrate prey from the study lakes.
Stable isotopes and total mercury analyses
To assess longer term resource use of whitefish morphs, we sampled muscle for carbon and nitrogen stable isotope analyses, which can be used infer patterns of pelagic-benthic habitat use and trophic position, respectively. We dissected a piece of white dorsal muscle from each individual, which was stored in a 2 ml plastic vial and frozen (-20 °C). Samples were subsequently freeze-dried at -70 °C for 48 h. Both fish and invertebrate samples were ground, circa 0.5-1.0 mg was encapsulated in tin cups and processed using an elemental analyser (Flash EA 1112) coupled to a continuous-flow isotope ratio mass spectrometer (Thermo Finnigan Delta PLUS Advantage). Vienna PeeDee Belemnite and atmospheric nitrogen were used as international reference standards for carbon and nitrogen stable isotope ratios, respectively. Each fifth sample consisted of repeated measures of an internal standard (dorsal muscle of pike for animals or potato leaf for plants). Analytical error, determined from the analyses of laboratory standards, for both δ 13 C and δ 15 N was ~0.1 ‰. The elemental carbon to nitrogen ratio (C:N) was derived from the percent carbon and nitrogen content of each sample. The C:N ratio was used as a proxy for a lipid content, where a value of three indicates lipid free muscle tissue and higher values increasing amount of lipids (e.g. Kahilainen et al., 2016a) .
THg concentrations in both fish muscle and invertebrate samples were measured using a direct mercury analyser (Milestone DMA-80). Circa 20-30 mg of freeze-dried homogenized tissue was weighed, and a duplicate was processed for each sample. The average THg difference (%±SD) between duplicates was 0.41±0.29. All runs began and ended with a blank control (average THg µg g -1 d.w. ±SD, 0.001±0.003, n=74) and certified reference material (CRM, DORM-4, 0.410±0.55 µg g -1 ). The average recovery (±SD) of CRM was 94.2±1.3% (n=74). The average of blank controls in each run was subtracted from measured fish and invertebrate values to reduce the influence of instrument error. The average value of each duplicate pair was then used in all subsequent analyses.
Invertebrate prey THg and bioaccumulation in whitefish morphs (H1)
We pooled data within lake type (polymorphic and monomorphic), due to low benthic algae and invertebrate sample sizes per lake, to test overall THg concentration differences via ANOVA and Tukey's HSD pairwise comparisons. When data were not normally distributed, we used log (x+1) transformations before testing.
Life-history trait and resource use correlation with THg content (H2)
Size and morphology related traits (total length, mass, condition, gill raker count and age) were first analysed using principal component analysis (PCA), to test how morphs in different lakes were clustered in multidimensional space. Differences in fish total length, mass, condition and age among whitefish morph populations (total n=15; i.e. four each per polymorphic lake, and one per monomorphic lake) were tested using ANOVA and Tukey's HSD pairwise comparisons with lake as a nested effect. THg concentrations, gill raker count, stable isotope and C:N ratios among populations were tested with ANCOVA using age as covariate. Bioaccumulation of THg with fish age was explored using univariate linear regression analyses, with individual regressions used for each morph in each lake.
The relative influence of the possible explanatory variables, i.e. total length, condition factor, age, sex (coded as 1=female, 2=male, 3= juvenile), sexual maturity (0=immature, 1=mature), number of gill rakers, stable isotope, and C:N ratios, in relation to THg in whitefish dorsal muscle, was assessed using multiple linear regression analysis, via a stepwise forward selection procedure (with entry limit p<0.05).
Analyses were first run for each lake individually, and subsequently pooled based on lake type (polymorphic vs. monomorphic).
Major ecological and life-history factors related to THg in whitefish (H3)
We tested the population-level relationships between ecomorphological variables and age-corrected THg concentrations using linear regression analysis separately for all polymorphic and monomorphic lakes.
A similar limit for statistical significance (p<0.05) was used in all analyses. All analyses were conducted using SYSTAT 11 (SYSTAT Software Inc, Chicago, IL, USA), except PCA, which was conducted using Base statistics in R ver. 3.2.2 (R Core Team, 2015).
Results
Average THg of invertebrates and whitefish (H1)
The average THg (µg g -1 dry weight) of different invertebrate groups was variable among the lake habitats (Table 2) . Although sample sizes were too small for statistical testing within lakes, the average THg among invertebrate groups differed in the combined dataset from both polymorphic lakes (ANOVA, F2,34=20.8, p<0.001) and monomorphic lakes (ANOVA, F2,34=19.3, p<0.001), where THg was higher in profundal benthic macroinvertebrates (Tukey's HSD tests, p<0.05) than in other groups. In both lake types (monomorphic ANOVA, F2,34=43.7, p<0.001; polymorphic ANOVA, F2,34=44.3, p<0.001), littoral invertebrates were significantly enriched in 13 C relative to profundal and pelagic invertebrates (Tukey's HSD tests, p<0.05). All groups differed significantly from one another in δ 15 N in both lake types (monomorphic ANOVA, F2,34=31.9, p<0.001; polymorphic ANOVA, F2,34=20.4, p<0.001), with profundal invertebrates most enriched, pelagic zooplankton intermediate and littoral invertebrates most depleted (Tukey's HSD tests, p<0.05). All pairwise comparisons of invertebrate groups and benthic algae between polymorphic and monomorphic lakes were non-significant, except for the higher value C:N ratio of zooplankton in monomorphic lakes (Tukey's HSD test, p<0.05).
Life-history traits and resource use of whitefish morphs (H2)
Principal component analysis revealed that whitefish morphs were clustered with respect to the first two PCA axes, which together explained 82% of the total variation (Supporting information, Fig. S1 ). PC1 (62%) was positively related to total length, mass, condition and age, whereas PC2 (20%) was negatively correlated with gill raker number and size (Supporting information, Table S1 ). ANCOVAs assessing traits separately indicated that gill raker number differed among the morphs (ANCOVA: age, F1,434=4.2, p=0.041; morph F14,434=332.0, p<0.001): profundal SSR whitefish had the lowest number (17-18), littoral LSR whitefish were intermediate (22) (23) (24) , whilst the pelagic morphs, LDR whitefish (32-34) and DR whitefish (35-37), had the highest number of gill rakers (Table 3 ). The average number of gill rakers in monomorphic LSR whitefish was 25 (Table 3) . Whitefish morphs differed in both body size and condition factor (ANOVAs for total length: F9,435=56.7, p<0.001; mass: F13,435=19.9, p<0.001; condition: F12,435=30.2, p<0.001), where DR whitefish had the lowest average size and condition, and smallest maximum size in all three polymorphic lakes, followed by SSR whitefish, which showed similar trends (Table 3 ; Supporting information Fig. S2 ). LSR and LDR whitefish had the largest body sizes among the morphs in all polymorphic lakes, coupled with higher condition factors and the largest maximum size.
Body size, condition, growth and the maximum size of LSR whitefish were relatively similar between the mono-and polymorphic lakes (Table 3 ; Supporting information Fig. S2 ). DR whitefish had the smallest size at sexual maturity, followed by SSR whitefish (Table 3 ). The large-bodied LSR and LDR morphs matured at a larger size than the other morphs (Table 3 ). THg concentrations of whitefish differed among populations (ANCOVA: age; F1,434=318.6, p<0.001 morph; F14,434=49.3, p<0.001). In all polymorphic lakes, littoral LSR had the lowest levels (0.20-0.24 µg g -1 ), profundal SSR were intermediate (0.31-0.36 µg g -1 ), whereas pelagic LDR (0.40-0.48 µg g -1 ) and DR (0.49-0.60 µg g -1 ) had the highest age-corrected concentrations (Table 3 ). In the monomorphic lakes, LSR whitefish in Lakes Kilpis (0.18 µg g -1 ) and Siilas (0.28 µg g -1 ) had THg levels comparable to LSR whitefish in the polymorphic lakes, whereas concentrations in Lake Kuohkima (0.37 µg g -1 ) monomorphic LSR exceeded these ( Table 3 ).
The diet of whitefish morphs was related to their habitat use and gill raker number. SSR whitefish exclusively fed on benthic prey items (composed mainly of Pisidium sp. clams, chironomid larvae and benthic Megacyclops copepods, Hydracarina), whereas LSR whitefish typically used a range of littoral benthic prey such as insect larvae (Chironomidae, Megaloptera, Ephemeroptera, Trichoptera), snails (Lymnaea sp., Valvata sp.) and the benthic cladoceran Eurycercus sp., except in Lake Paadar, where surface insects and zooplankton were also important (Supporting information Table S2 ). The diet of both LDR and DR whitefish was composed mainly of pelagic prey (95-100%). LDR whitefish also used adult insects captured from the lake surface in addition to zooplankton, whereas DR whitefish used zooplankton (Bosmina, Daphnia, Calanoida, Cyclopoida) almost exclusively in all lakes (Supporting information Table S2 ). LSR whitefish in monomorphic lakes used all habitat types and prey items mentioned above, where pelagic zooplankton prey typically composed roughly 40-50% of the total diet, with benthic prey comprising the rest (Supporting information Table S2 ).
Stable isotope ratios were statistically different among the morphs (ANCOVAs for δ 13 C: age F1,434=9.6, p=0.002; morph F14,434=44.5, p<0.001; δ 15 N: age F1,434=92.7, p<0.001; morph F14,434=130.9, p<0.001), and within-lake differences between morphs were often pronounced (Table 3) . Pelagic DR whitefish and profundal SSR whitefish had similar δ 13 C values, however. SSR whitefish were enriched in 15 N compared to other the morphs. There were also differences in C:N ratios among the morphs (ANCOVA, age F1,434=5.6, p=0.019, morph; F14,434=13.3, p<0.001), where pelagic DR and LDR whitefish had generally higher ratios than benthic LSR and SSR morphs (Table 3) .
THg accumulated with whitefish age in most of the lakes (Fig. 2 , Table S3 ). A pronounced THg accumulation with age was consistent in pelagic DR and LDR whitefish, whereas benthic littoral LSR whitefish and profundal SSR whitefish had shallower regression slopes, that were often non-significant ( Fig. 2 , Table S3 ). THg accumulation in LSR whitefish in monomorphic lakes closely followed patterns observed in LSR whitefish in polymorphic lakes.
In stepwise multiple regression analyses, the most important variables explaining THg levels in whitefish were more uniform in polymorphic than in monomorphic systems (Table S4 ). Multiple regression models on the data from the polymorphic lakes explained 62-82% of the total variation using 3-4 factors, with gill raker count and age proving consistently important. In monomorphic lakes, models explained 35-73% of the variation using 1-2 lake-specific factors (δ 13 C, age and sex). The marked difference between lake types was indicated in the combined models, where 71% of the variation was explained by eight factors in polymorphic lakes, compared to 39% in monomorphic lakes explained by three factors (Table   S4 ).
3.3.THg relationships at population level (H3)
At the population level, we tested univariate linear relationships between THg concentrations and response variables in both lake types, of which six showed a statistically significant relationship in polymorphic lakes (Fig. 3) . THg was positively related to gill raker number, proportion of pelagic prey, C:N ratio and was negatively related to δ 13 C, maximum theoretical length and PC2 in polymorphic lakes.
However, no such statistically significant relationships were apparent in the monomorphic systems.
Discussion
Results supported our initial hypotheses, as ecomorphology and THg concentrations among the whitefish morphs followed broadly similar patterns in all three polymorphic lakes. Conversely, patterns in generalist LSR whitefish inhabiting the monomorphic lakes were more variable. In all polymorphic lakes, the pelagic, zooplankton-feeding DR and LDR morphs had the highest THg concentrations and bioaccumulation rates with age, with the profundal benthivore SSR morph intermediate, and lowest levels observed in the littoral benthivore LSR morph. In monomorphic lakes, THg concentrations in LSR whitefish varied between those observed in LSR and SSR whitefish in polymorphic lakes. The most common variables related to THg concentrations in whitefish in polymorphic lakes were gill raker count and age, whereas in monomorphic lakes, variables appeared more lake-specific.
Zooplankton is important source of THg (H1)
We found major differences in THg concentrations in the invertebrate groups studied: profundal macroinvertebrates had very high concentrations, whereas pelagic zooplankton were intermediate, and
the lowest levels of all were observed in littoral macroinvertebrates. THg concentrations likely reflect exposure via differing energy sources, with profundal invertebrates receiving higher inputs from decomposing plankton and decaying organic material from the benthic slope, as evidenced by their high δ 15 N value. This 15 N enrichment of profundal macroinvertebrates was further detected in a higher SSR whitefish δ 15 N value in all three polymorphic lakes compared to other morphs. Recycling of organic material or use of decomposer bacteria within the lake sediments may also contribute to the levels observed in profundal invertebrates, and sediment-dwelling fauna such as chironomid larvae may contain significant amounts of inorganic mercury (Suchanek et al., 2008) . Although we lacked MeHg measurements, the relatively low THg concentration in muscle tissue of the main profundal invertebrate predator, SSR whitefish, suggests that THg of these invertebrates may contain a large proportion of inorganic mercury. In contrast, pelagic zooplankton, especially cladocerans, are filter feeders that consume phytoplankton and bacteria potentially rich in MeHg (Suchanek et al., 2008; Chetelat and Amyot, 2009 ). In addition, filter feeding zooplankton perform diel vertical migrations in polymorphic lakes, which may further influence mercury fluxes from profundal to pelagic zones, assuming that methylation actively occurs in profundal habitat and the thermocline (Kahilainen et al., 2009 ). Littoral benthic macroinvertebrates, such as molluscs and large insect larvae, often feed on benthic algae, which were low in THg content. In general, we found broadly similar THg values for the same habitat type in both monomorphic and polymorphic lakes. Such differences in THg concentrations among invertebrate prey groups in all lakes would therefore influence differential habitat specific exposure rates in the whitefish morphs.
Pelagic whitefish morphs have higher THg than benthic ones (H2)
We found the highest THg concentration in pelagic LDR and DR whitefish, both of which consume zooplankton. Profundal SSR whitefish feeding predominantly on benthic macroinvertebrates, such as chironomid larvae and Pisidium mussels, had intermediate THg, whereas LSR whitefish using more diverse benthic macroinvertebrate prey in shallow littoral areas had 2-3 times lower concentrations than pelagic morphs. These results suggest that the THg concentration of prey likely explain the higher THg concentrations apparent in pelagic morphs in comparison to littoral morphs, but do not explain the intermediate concentrations in profundal morphs. THg in whitefish muscle is mainly (circa 90%) composed of MeHg (Madenjian et al., 2016) . Benthic macroinvertebrates can contain a significant proportion of inorganic Hg, which does not effectively translocate to fish muscle during assimilation, and is instead excreted via feces (Oliveira-Ribeiro et al., 1999; Suchanek et al., 2008) . Doyon et al. (1998) observed similarly high THg in a pelagic dwarf morph of lake whitefish, and much lower concentrations in a large littoral morph. They did not find a clear link with prey THg concentrations, however, instead hypothesizing that the variation was due to metabolic differences between morphs. Trudel et al. (2001) modeled such metabolic differences between lake whitefish morphs and found a very high metabolic rate in a pelagic dwarf morph, with correspondingly high THg concentrations in comparison to a large littoral morph. Furthermore, the pelagic morph matures at a smaller size and THg accumulates in muscle rather than gonads (Doyon et al., 1998; Madenjian et al., 2016) . This dwarf lake whitefish morph represents an almost exact ecomorphological analogue of the DR whitefish in our study, which also showed rapid THg bioaccumulation with age. The other pelagic morph, larger, later-maturing and faster-growing LDR whitefish, reached a slightly lower concentrations of age-corrected THg. Both grow quickly until maturation, suggesting high pelagic zooplankton consumption and high metabolic energy demand. The putatively lower per unit energy content of zooplankton compared to benthic macroinvertebrates, and subsequently increased consumption, may further enhance their exposure compared to benthic morphs (Karimi et al., 2016) . Zooplankton foraging also requires more active swimming to capture evasive prey compared to foraging on more sedentary benthic prey, increasing the metabolic cost for pelagic morph (Trudel et al., 2001) . Large-growing and late-maturing littoral LSR whitefish had significantly lower THg concentrations, suggesting that combined effects of lower THg concentration in littoral prey and lower rate of food consumption must play a role in explaining differences between LSR and LDR whitefish. The most peculiar morph, small-sized and late-maturing profundal SSR whitefish, fed on invertebrates with high THg concentration, but only reached intermediate mercury concentrations, lending further support to the role of low food consumption and low metabolic rate in cold temperature habitats with scant prey resources (Trudel et al., 2001; Bernatchez et al., 2010; Karimi et al., 2016) . Differences in THg concentration among whitefish morphs could, therefore, be at least partly related to metabolic differences, in addition to prey THg content. This is supported by variable respiration rates amongst morphs, as estimated from otolith microchemistry, which follow the order (from the highest to lowest): DR, LDR, LSR and SSR whitefish .
Monomorphic populations had generally low THg concentrations, equating to values intermediate between LSR and SSR whitefish in polymorphic lakes. THg concentration of monomorphic LSR
whitefish seemed to be negatively related to lake size. This suggests that mercury may be more concentrated in lake with a smaller water volume, although we did not get a consistent evidence from invertebrate prey concentrations. However, invertebrate THg concentrations are subject to seasonal variation and our snap-shot sampling is likely relevant only to differences among habitat types.
We found that THg of whitefish in monomorphic lakes was relatively poorly explained (39%) by factors including δ 13 C, sex and age, reflecting lake-specific differences among whitefish and their prey. In contrast, results from polymorphic lakes were more directly comparable, with gill raker count and age positively related to THg across all systems. In combination, pooled data from all lakes revealed the most prominent relationships were in gill raker count, age and sexual maturity, which were all positively related to THg, whereas total length and δ 13 C were negatively related to THg. Our results indicated that mercury transfer to fish is enhanced via specialization on pelagic resources, whereas more generalist resource use in monomorphic whitefish led to lower concentrations. Our results somewhat deviate from those previously reported for alpine whitefish populations, where total length was positively related to MeHg, but gill raker count did not explain relative concentrations (Blank et al., 2013) , with this likely due to differences in lake characteristics and morph types between both regions. More generally, increasing size, age, and maturity stage result in higher THg, as has been documented for many salmonids, including coregonids, across a diverse range of habitats and geographic locations (e.g. Doyon et al., 1998 , Riget et al., 2000 Blank et al., 2013; Thomas et al., 2016) .
THg correlates with ecomorphological metrics in whitefish morphs (H3)
Divergence into distinct littoral and pelagic morphs is typical for many fish species inhabiting postglacial lakes (Skulasson and Smith, 1995) , and salmonid fish are especially prone to intricate ecomorphological divergence into multiple morphs along benthic and pelagic depth clines (Kahilainen and Østbye, 2006; Vonlanthen et al., 2009; Knudsen et al., 2016; Muir et al., 2016) . In whitefish, gill raker traits play a crucial role in determining morph-specific foraging ecology, with benthivorous morphs typically characterized by few, small, and widely spaced gill rakers, whereas planktivores have many, long, and tightly spaced gill rakers (Kahilainen et al., 2011) . We found that both gill raker count and pelagic resource use were positively correlated with THg in polymorphic lakes, whereas no clear patterns were found in generalist monomorphic LSR populations. Pelagic resource use was also related to higher lipid content, as identified via positive correlation between C:N ratio and THg in polymorphic populations.
As mercury is bound to proteins and lipids contain very little mercury (e.g. Amlund et al., 2007) , the differences between pelagic and benthic morphs would have been even more pronounced with lipidcorrected values using arithmetic C:N ratio based correction (Kahilainen et al., 2016a) . Such lipid correction of THg was not performed, however, as we aimed to directly test correlations between C:N ratio and THg. Pelagic resource use has been often linked to higher THg levels in fish in subarctic lakes (Power et al., 2002; Amundsen et al., 2011; Thomas et al., 2016) and thus our results from polymorphic whitefish corroborate previous studies. Many other studies have shown positive correlation between THg and δ 15 N indicating bioaccumulation with increasing trophic level of species. The lack of such clear correlation in our study indicates that whitefish are feeding at the same trophic level consuming pelagic or benthic invertebrates. Although, SSR whitefish has higher δ 15 N values than other morphs, this relates to feeding on profundal invertebrates relying on energy from above pelagic plankton remains and thus having enriched δ 15 N values (Hayden et al., 2015) . In general, LSR whitefish in monomorphic systems use a combination of both pelagic and benthic resources, grow steadily to a large size and mature late.
However, THg correlations were not observed in monomorphic lakes, at least partly due to the limited number of populations studied. Despite the small number of lakes sampled, observed ecomorphological trait patterns of monomorphic populations in this study are typical for the region.
Mercury monitoring, fish consumption, and human health
We found considerable variation (as much as 2-3 fold) in average THg concentration among whitefish morphs in polymorphic lakes, suggesting that long-term mercury monitoring results may be biased if morph definition is not taken into account. As polymorphism is typical for whitefish throughout its distribution, it is important to classify pelagic and benthic morphs when analyzing mercury concentration data for whitefish. Despite the pronounced differences among the morphs and lakes, THg concentrations in all measured whitefish individuals were below Finnish national health authorization limits (i.e. 0.5 µg g -1 wet weight; approx. 2.0-2.5 µg g -1 dry weight). Indigenous whitefish fisheries in the study region focus mainly on large-bodied morphs (LSR and LDR whitefish), which had the lowest and highest average THg concentrations, respectively. Although there seems to be no immediate health risks based on reported average fish consumption levels, this may be complicated by often high year-round fish consumption frequency by indigenous people, coupled with indirect pathways via consumption of piscivorous fish that predate whitefish (Thomas et al., 2016) . Whitefish is the dominant fish species in these lakes and the central node in food webs Harrod et al., 2010; Thomas et al., 2016) . The small-bodied pelagic DR whitefish is the most abundant morph and may reach very high population density in the pelagic zone, compared to the much lower density reached by other sympatric morphs or monomorphic LSR whitefish (Jensen et al., 2008; Kahilainen et al., 2011b; Malinen et al., 2014) . In polymorphic lakes, DR whitefish with high THg are heavily consumed by all piscivorous species, and represent an especially important forage fish for pelagic brown trout (Salmo trutta) and
Arctic charr, both of which are also a highly preferred catch in local fisheries Kahilainen et al., 2009; Jensen et al., 2015) . The key role of DR whitefish as a forage fish in polymorphic lakes suggest that pelagically-derived THg is efficiently transferred to piscivorous fish, which may themselves subsequently exceed the aforementioned health limits (Thomas et al., 2016) . In monomorphic lakes, predators also consume generalist whitefish (Jensen et al., 2008 (Jensen et al., , 2015 , but due to low THg concentrations in such populations, they may not reach equivalently high levels as in polymorphic lakes. However, whole food web mercury studies of comparable monomorphic and polymorphic systems would be essential to shed further light on ecosystem-level consequences of resource polymorphism for mercury biomagnification. This would also provide a highly necessary examination of contemporary food web reliance on pelagic and benthic energy sources which, based on the present study, have a clear impacts on THg accumulation patterns. Accelerating climate change in subarctic regions and associated increases in temperature and precipitation are likely to increase lake productivity, shifting food webs towards pelagically-derived energy and mercury sources . However, climate change also affects all levels of biological organization and can facilitate the invasion of new species via range expansion to subarctic lakes, further complicating such simple predictions derived from temperature and productivity only Rolls et al., 2017) .
Conclusions
In conclusion, we documented clear relationships between gill raker number, resource use, and age with THg concentration in polymorphic lakes, suggesting similar processes were operating across these systems. In contrast, monomorphic systems containing only generalist LSR whitefish displayed more lake-specific patterns. We found consistent differences in THg concentration among populations of polymorphic whitefish, with the highest concentrations and bioaccumulation rates documented in pelagic morphs with high gill raker counts and predominantly zooplankton-based diets, whereas benthic morphs had lower concentrations and bioaccumulation rates. Such patterns appeared inherently related to differences in THg concentrations between different invertebrate prey, but may also partly originate from differential metabolic and food consumption rates among the whitefish morphs. Gill raker count and age were important factors related to THg concentration in all polymorphic lakes, whereas monomorphic lakes did not show a similar consistency, suggesting lake-specific differences. However, the consistent differences in THg concentrations and bioaccumulation rates between morphs utilizing the three different lake habitats suggests that similar processes may be important in other polymorphic systems across the circumpolar Arctic.
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Figure legends
The 'Fish' category includes the benthic species alpine bullhead (Cottus poecilopus) and nine-spined stickleback (Pungitius pungitius). The 'Other' category includes benthic Ostracoda, Hydracarina, and macrophytes. Mean stomach fullness is calculated from all studied stomachs.
Whitefish morph abbreviations: DR; densely rakered whitefish, LDR; large densely rakered whitefish, LSR; large sparsely rakered whitefish, SSR; small sparsely rakered whitefish. Table S4 . Results from multiple linear regression analyses for total mercury concentration in whitefish for individual lakes, and pooled across polymorphic and monomorphic lake types. A stepwise forward selection procedure was used, with limit to entry set at p<0.05. Initial models contained the following factors: total length, condition factor, gill raker count, age, sex, sexual maturity, δ 13 C, δ 15 N and C:N ratio. 
